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Introduction

◈ Design the sub-detectors with a detail engineering consideration

✦ Mechanical support structures, electronics, cabling etc


◈ Full simulation as realistic as possible

◈ All events are reconstructed using a sophisticated reconstruction chain


✦ Kalman-filter based track reconstruction and CyberPFA
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Figure 15.3: (Left) Track resolution for di!erent configurations of the tracking system at

Performance
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Figure 15.1: Track e!ciency as a function of (left) the track momentum and (right) track

σp/p=0.15% @1GeV

ε=99.7% @1GeV
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ciency, purity, and misidentification rates with

ε~100% @>2GeV, fake rate ~0.1% from hadrons

Tracking Lepton

(Left) The amount of material in the unit of radiation length inside the0 misidentification rate as a function of particle

Photon

ε~100% @>3GeV
photon conversion: 

6-10% in barrel region 

~25% in endcap region



Outline
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◈ Higgs mass measurement via recoil mass


◈ Branching ratio measurement in hadronic final states


◈  measurement


◈ invisible measurement

H → γγ

H →



Physics Processes

◈ Higgs signal production: Higgsstrahlung ( ), W-boson fusion ( ), and Z-boson fusion 
( )


◈ Background process:

✦ 2-fermion: , ,  and 

✦ 4-fermion: WW production ( ),ZZ production ( ), Single W production 

( ), Single Z production ( )

e+e− → ZH e+e− → ννH
e+e− → e+e−H

e+e− → e+e− μ+μ− τ+τ− qq̄
e+e− → e+e− → W+W− → 4f e+e− → ZZ → 4f
e+e− → Weν e+e− → Zee
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Figure 3.6 Feynman diagrams of the e+e� ! ZH , e+e� ! ⌫⌫̄H and e+e� ! e+e�H processes.

H [GeV]f f→
-e+e

200 250 300 350 400

(f
b

)
σ

0

50

100

150

200

250
CEPC Preliminary

 H→WW

)νν→HZ(

Total

HZ

(a) (b)

Figure 3.7 (a) Production cross sections of e+e� ! ZH and e+e� ! ⌫⌫̄H, e+e�H as functions of
p

s
for a 125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH , taken from [29].

Table 3.2 summarise the cross sections for the signal and background processes at
p

s =
250 GeV and the corresponding numbers of events expected for an integrated luminosity
of 5 ab�1. Along with the 106 Higgs events, 5 ⇥ 106 ZZ, 8 ⇥ 107 WW and 2.5 ⇥ 108

qq̄(�) events will be produced. These events are the main backgrounds for Higgs analyses.
On the other hand, they are important for SM measurements and studies of systematic
uncertainty of the Higgs measurements.

3.3.2 �(ZH) and mH Measurements

Unlike hadron colliders, the center-of-mass energy at an e+e� collider is precisely mea-
surable and adjustable. In a ZH event, where the Z boson decays to a pair of visible
fermions (Z ! ff̄ ), the Higgs boson mass can be reconstructed with the recoil mass
method:

m2
recoil = (

p
s � Eff̄ )

2 � p2
ff̄

= s � 2Eff̄

p
s + m2

ff̄
(3.2)

where Eff̄ , pff̄ and mff̄ are, respectively, the total energy, momentum and invariant mass
of the fermion pair. The mrecoil distribution should exhibit a peak at mH for the signal
process of e+e� ! ZH (with a small contribution from ZZ fusion), and is expected
to be smooth for background processes. The reconstructed width of the peak will be
dominated by the detector resolution and the beam energy spread, while the effect of the
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are included in e
+
e
→
→ qq̄ process, with an invariant mass and energy cut of 10 GeV for448

photon emission. Similarly, the process e
+
e
→

→ e
+
e
→
e
+
e
→ considers the e!ect from449

diphoton pair production contribution with the same cut.450

4-fermion samples are categorized into 40 individual types, ensuring no overlap or451

omission during the generation. Without overlap and disregarding the interference, the452

overall 4-fermion cross section at 240 GeV is 19.3 pb, and at 360 GeV, the overall corss453

section is 14.7 pb. For 6-fermion process other than tt̄, such as ZW or ZZ processes, the454

cross section is estimated to be smaller than 20 fb and is not recorded in the table.455

Table 15.4: Cross sections for Higgs production and background processes at
↑
s = 240

GeV and 360 GeV. Note that there are interference between the same final states from
di!erent processes after the W or Z boson decays, see text. With the exception of the
Bhabha process, the cross sections are calculated using the Whizard [8]. The Bhabha
cross section is calculated using the BABAYAGA event generator [10] requiring final-
state particles to have | cos ω| < 0.99. The tt̄ process are generated by qqbarthreshold [11]
generator. Photons, if any, are required to have Eω > 0.1 GeV and | cos ωe±ω| < 0.99.
Initial State Radiation (ISR) and Final State Radiation (FSR) e!ects are included in all the
final states.

Process Cross section @ 240 GeV Cross section @ 360 GeV

Higgs boson production, cross section in fb

e
+
e
→
→ ZH 196.9 126.6

e
+
e
→
→ εeε̄eH 6.2 29.6

e
+
e
→
→ e

+
e
→
H 0.5 2.8

Total Higgs 203.6 159.0

background processes, cross section in pb

e
+
e
→
→ e

+
e
→(ϑ) (Bhabha) 930 325

e
+
e
→
→ qq̄(ϑ) 54.1 23.0

e
+
e
→
→ µ

+
µ
→(ϑ) 5.30 2.4

e
+
e
→
→ ϖ

+
ϖ
→(ϑ) 4.75 2.1

e
+
e
→
→ tt̄ – 0.566

e
+
e
→
→ WW 16.7 11.3

e
+
e
→
→ ZZ 1.1 0.68

e
+
e
→
→ e

+
e
→
Z 4.54 5.83

e
+
e
→
→ e

+
εW

→ + c.c. 5.09 6.04

Then the events go through full simulation and reconstruction chain in CEPC Software456

(CEPCSW). The detailed information on the samples produced, including their statistics457

and data paths, is maintained in a centralized database using the GitLab service provided458

by Insitutue of High Energy Physics, Chinese Academey of Sciences (IHEP).459
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WHIZARA1.9.5 event generator for cross section 
calculation and MC sample generation
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H→invisible
➢ Higgs boson production

• Higgs strahlung: ee→Z*→ZH (dominant)
• W fusion: ee→𝜈𝑒𝜈𝑒H (sub-dominant)

➢ Previous studies
Exps Data Results Publication
ATLAS LHC Run 2 UL on BR(H→inv): 10% JHEP08(2022)104

CMS LHC Run 2 UL on BR(H→inv): 10% PRD 105 (2022) 092007

ILC 250, 350, 500 GeV; 250, 350, 500 fb-1 UL on BR(H→inv): 0.26% arXiv:1909.07537

FCC-ee 240+365 GeV; 10.8+3 ab-1 3.9 σ on BR(H→ZZ→4v) Presentation

CEPC 240 GeV, 5.6 ab-1 UL on BR(H→inv): 0.26% Chinese Phys. C 44 123001

➢ Invisible decays
• ee→Z(→ee/μμ/qq)H(→invisible)
• In the SM: H→ZZ*→4v

o BR(H→4v)=0.106%
• BSM: H→sparticles / dark matter / LLPs, ...
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Higgs mass

6

The free parameter of SM Higgs sector, related to fundamental property of elementary particles

only the electron and photon resolution systematic uncer-
tainties and those associated with the ET-independent
component of the electron and photon in situ energy scale
are considered as correlated. Other sources of systematic
uncertainties correlated between the two channels are the
theory uncertainties on the prediction of the various Higgs
production modes, the modeling of additional (pileup) pp
collisions, and the uncertainty on the integrated luminosity.
The choice of correlation model is also tested by using
different approaches (e.g., correlating the muon calibration

systematic uncertainties in run 1 and run 2, correlating all
sources of photon and electron calibration systematic
uncertainties between the H → γγ and H → ZZ! → 4l
channels) and is shown to have negligible impact on the
result. Signal yield normalizations are treated as indepen-
dent free parameters in the fit to minimize model-dependent
assumptions in the measurement of mH.
The combined value measured using run 2 data is

mH ¼ 125.10# 0.11 GeV. The uncertainty is compatible
with the expected error assuming a SM Higgs boson mass
of 125 GeV. The statistical component of the uncertainty is
#0.09 GeV. The corresponding profile likelihood, for the
two channels and for their combination, is shown in Fig. 1
(left) as a function ofmH. If the small interference predicted
by the SM between the Higgs boson and the nonresonant
diphoton background was considered for the H → γγ
signal parametrization, the mH value measured by the
combination would increase by 15 MeV. This result is in
good agreement with the ATLASþ CMS run 1 measure-
ment [19],mH ¼ 125.09# 0.24 GeV. The contributions of
the main sources of systematic uncertainty to the combined
measurement, using ATLAS run 2 data, are summarized in
Table I. The values differ from those reported in
Refs. [16,17] because of the relative impact of the H →
γγ andH → ZZ! → 4l results in the combination. The ET-
independent component of the electron and photon in situ
energy scale (“e=γET-independent Z → ee calibration” in
Table I) is among the few uncertainties correlated between
the H → γγ and H → ZZ! → 4l measurements and
impacts the former measurement by 59 MeV [16] and
the latter by 19 MeV [17]. The combined measurement

TABLE I. Impact of the main sources of systematic uncertainty
on the mH measurement from the combination of the
H → ZZ! → 4l and H → γγ final states using run 2 data. The
systematic uncertainties associated with the combination of run 1
and run 2 data are nearly identical. The sum in quadrature of the
individual contributions is not expected to reproduce the total
systematic uncertainty due to the different methodologies em-
ployed to derive them.

Source
Systematic uncertainty

on mH (MeV)

e=γ ET-independent Z → ee calibration 44
e=γ ET-dependent electron energy scale 28
H → γγ interference bias 17
e=γ photon lateral shower shape 16
e=γ photon conversion reconstruction 15
e=γ energy resolution 11
H → γγ background modelling 10
Muon momentum scale 8
All other systematic uncertainties 7

FIG. 2. Summary ofmH measurements from the individual H → γγ andH → ZZ! → 4l channels and their combination presented in
this Letter. The uncertainty bar on each point corresponds to the total uncertainty; the horizontal shaded bands represent the statistical
component of the uncertainties; the vertical red line and gray band represent the combined result presented in this Letter with its total
uncertainty.
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• Even neglecting the statistical uncertainty, ΔmH 
@ LHC can only reach ~50 - 80 MeV


• In the lepton collider, mH can be reconstructed 
with the recoil mass method

corrections a↵ect the running of the Higgs boson mass between the widely separated
electroweak and Planck scales. New particles are required to stabilize such untamed
quantum corrections. Since the Higgs boson couples directly to any massive particle, the
presence of any new physics has large chances to a↵ect its couplings to the rest of SM
particles. A powerful model-independent method to encode the e↵ect of new physics from
higher energies on experimental observables, is provided by the SM E↵ective Field Theory
(EFT), which parametrizes possible new physics via a systematic expansion in a series of
higher-dimensional operators composed of SM fields: Le↵ = LSM +

P1
d=5

1

⇤d�4Ld with
Ld =

P
i c

d
iOi, and unknown Wilson coe�cients ci generated by decoupled new physics

beyond the SM. Often, dim-6 operators Oi are the only ones considered (the Weinberg
neutrino-mass is the unique dim-5 operator, and e↵ects of d > 6 operators are subleading
in the decoupling assumption), i.e. Le↵ = LSM +

P
i

ci
⇤2Oi, where ⇤ represents the scale

of new interactions, and the coe�cients ci depend on the details of its structure [16, 17].
In the case of indirect (loop) constraints on new physics coupled to the Higgs boson, a
useful back-of-the-envelope formula can be derived which relates ⇤ to deviations of its
couplings (�g

HXX
) with respect to the expected SM values:

⇤ & (1 TeV)/
p
(�g

HXX
/g

HXX
)/5%; (1)

i.e. H couplings measurements of 5% precision are sensitive to new physics at ⇤ & 1 TeV.

Parameter Current⇤ HL-LHC⇤ FCC-ee ILC CEPC CLIC

7+8+13 TeV 14 TeV Baseline Lumi upgrade Baseline Baseline

O (70 fb�1) (3 ab�1) (10 yrs) (20 yrs) (10 yrs) (15 yrs)

�(HZ) – – 0.4% 0.7% 0.5% 1.6%

g
ZZ

10% 2–4% 0.15% 0.3% 0.25% 0.8%

g
WW

11% 2–5% 0.2% 0.4% 1.6% 0.9%

g
bb

24% 5–7% 0.4% 0.7% 0.6% 0.9%

g
cc

– – 0.7% 1.2% 2.3% 1.9%

g⌧⌧ 15% 5–8% 0.5% 0.9% 1.4% 1.4%

g
tt

16% 6–9% 13% 6.3% – 4.4%

gµµ – 8% 6.2% 9.2% 17% 7.8%

g
e+e�

– – <100% – – –

g
gg

– 3–5% 0.8% 1.0% 1.7% 1.4%

g�� 10% 2–5% 1.5% 3.4% 4.7% 3.2%

g
Z� – 10–12% (to be determined) 9.1%

�m
H

200 MeV 50 MeV 11 MeV 15 MeV 5.9 MeV 32 MeV

�
H

<26 MeV 5–8% 1.0% 1.8% 2.8% 3.6%

�
inv

<24% <6–8% <0.45% <0.29% <0.28% <0.97%

Table 2: Summary of the best statistical precision attainable for Higgs observables at
future e+e� colliders (FCC-ee [5], ILC [18], CEPC [19], CLIC [20]) compared to (model-
dependent⇤) current LHC [21] and expected HL-LHC [14] pp results.

At lepton colliders, precise and model-independent Higgs measurements can be carried
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Figure 3.9 Recoil mass spectrum of e+e� ! ZX candidates with the Z boson decaying to a pair of
leptons, for an integrated luminosity of 5 ab�1, for Z ! µµ (left) and Z ! ee (right).

e+e�(�), e⌫W, eeZ production. These become the dominant backgrounds after event se-
lection. This simple-cut based event selection results in 10k signal events (27% selection
efficiency) and 147k background events.The right-hand plot of Fig. 3.9 shows the recoil
mass spectrum. A relative precision of 2.4% for the inclusive cross section has been
achieved, and an accuracy of 14 MeV is expected for the Higgs boson mass measurement.
To take into account the energy loss due to bremsstrahlung and FSR, the momentum of
the electron/positron track can be corrected by adding the energy carried by the photons
located inside a small cone around the track. With this correction, the accuracy of the ZH
cross section measurement can be improved to 2.1% in the Z ! e+e� channel.

Model-independent event selection is necessary for the absolute cross section mea-
surement. However, additional cuts which might break this requirement can be used to
improve the Higgs mass measurement. For instance, in the Z ! e+e� channel, the main
backgrounds (Bhabha, single W and single Z events) can be suppressed more effectively.

3.3.2.2 Recoil Mass with Hadronic Z Decays

The recoil mass technique can also be applied to the hadronic decay channels (Z ! qq̄).
This analysis benefits from the larger Z ! qq̄ decay branching ratio, but suffers from
poorer jet energy resolution and random combinatorics of jet-pairing with additional jets.
This measurement is highly dependent on the performance of the PFA, jet clustering and
jet flavour tagging algorithms.

An analysis based on fast simulation has been performed. After event selection, the
main backgrounds arise from WW and Z� production. Fig. 3.10 (left) shows the recon-
structed recoil mass distribution. A relative precision of 0.65% for the inclusive cross
section has been achieved [30]. Jets from Higgs decays can lead to mis-pairing in recon-
structing the Z ! qq̄ decay, which may further violate the model-independence of event
selection. Thus it is crucial to understand and to control the event selection efficiency ho-
mogeneity of different Higgs decay modes. As shown in the right-hand plot of Fig. 3.10,
average signal efficiency is 33.9%, with a relative variation of 6.5%.

27/33HiggsCouplings'17, Heidelberg, Nov'17                                                  David d'Enterria (CERN)

Precision H couplings, width, mass at FCC-eePrecision H couplings, width, mass at FCC-ee

■  Recoil method in H-Z(ll) unique to lepton collider:

    reconstruct H 4-mom. independent of H decay mode.

■  High-precision
 
(0.4%) s

ZH 
provides model-indep.

    g
Z
 coupling σ(ee→ZH)  g∝

Z
2, with ±0.2% uncert.

■  Total width (Γ
H
) with ~1% precision from combination of measurements 

     σ(ee→ZH), σ(ee→ZH→ZZ*), Γ
H→ZZ

:

■  Limits in BR to invisible from missing mass: <0.5% (95% CL)

■  Higgs mass (m
H
) from recoil mass in Z→µµ,ee

PRL131(2023)251802
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Mass measurement from CEPC Ref-TDR

◈ Mass measurement via the recoiling mass of  based on 20ab-1:


✦ Simple cut-base selections with the momentum of di-muon system


✦ A high signal efficiency of ~80% with a clear Higgs signal on top of continuous background  

Z → μμ

7

Based on Higgs-strahlung process  with  =240GeV and e+e− → ZH s Z → μ+μ−

Draft v0.3.115.2 Physics benchmarks

the momentum of the Z boson should be constrained to avoid being excessively high.496

Therefore, the momentum of the di-muon system is limited to the range of 20-60 GeV.497

Noticing that the e+e→ → µ
+
µ
→ background process has a significantly larger cross-498

section than both the signal process and other backgrounds, the primary focus of back-499

ground suppression needs to be e!ectively reducing its contribution. Most muons from500

this background possess nearly half of the center-of-mass energy, so imposing an upper501

limit of 110 GeV on the di-muon energy can serve as a criterion for rejecting these events.502

Furthermore, muons from e
+
e
→
→ µ

+
µ
→ background with ISR may have lower energy503

and could contribute to the Z peak. To suppress such events, a variable called Undetected504

Momentum In Beam Direction (MEZ), is introduced. If MEZ exceeds 50 GeV, it is505

likely that an ISR photon has been emitted in the final state. By applying these selection506

criteria, this background can be e!ectively suppressed across nearly the full energy range.507

The event selection criteria are summarized in Table 15.5, in which the four-fermion508

backgrounds are categorized as their final states.509

Table 15.5: Summary of event selections and cutflow. Four-fermion backgrounds are
categorized by their final states

Final States 2ω2µ 4µ 2µ2e 2µ2q 2µ µµH

Events number 120000 40000 40000 80000 100000 40000
Muon pair 31.4% 41.7% 6.7% 29.5% 88.2% 95.6%
Mrec ↑ [110, 150] GeV 5.8% 8.5% 1.1% 3.4% 42.0% 88.2%
MEZ ↑ [0, 50] GeV 4.7% 5.9% 0.7% 3.0% 25.8% 87.1%
Eµµ ↑ [0, 110] GeV 4.1% 5.1% 0.7% 3.0% 25.3% 86.6%
pµµ ↑ [20, 60] GeV 2.7% 3.4% 0.4% 2.2% 6.5% 78.7%
mµµ ↑ [50, 120] GeV 2.6% 3.2% 0.1% 1.7% 6.5% 78.7%

After event selections, the shape of recoil mass spectrum is modeled using DSCB510

function. Ideally, the peak position parameter of this function equalsmH . The background511

is modeled using a Chebyshev polynomial, which is obtained by fitting the background-512

only Mrec distribution. The spectra within the signal region 110-150 GeV and the signal-513

plus-background shape are shown in Figure 15.21.514

The expected precision of mH is estimated by extrapolating the statistics from simu-515

lated signal and background events to their expected yields at an integrated luminosity of516

20 ab→1. The statistical uncertainty is !mH = ±3.1 MeV.517

Some foreseeable systematic uncertainties are considered.518

• Momentum scale: 3 ↓ 10 7 radiative return events with µµω as final state will be519

generated at
↔
s = 240 GeV. This process serves as a standard candle for precision520

measurements, benefiting from very large statistics. With a tracking resolution of521

0.2%, it allows monitoring of the Z peak shift with a relative precision at the level522

of 10→6. Considering that the limiting factors may include the magnetic field and523

23

Draft v0.3.115.2 Physics benchmarks

15.2.2 Higgs mass measurement through recoil mass460

Since the discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012461

[12, 13], extensive e!orts have been made to accurately measure its mass. The most precise462

measurement of mH to date is mH = 125.11 ± 0.11 GeV [14], obtained by the ATLAS463

experiment. The projected precision at High-Luminosity LHC (HL-LHC) is 30-50 MeV,464

depending on di!erent performance assumptions by the ATLAS and CMS experiments.465

These measurements rely on specific Higgs decays, where the signals are either limited by466

low event yields or a!ected by significant hadronic backgrounds and pileup in the hadron467

collider environment.468

At CEPC, the Higgs bosons are primarily produced through the Higgs-strahlung469

process e+e→ → ZH with a cross-section of 200 fb at
↑
s = 240 GeV. This study aims470

to report the expected precision of mH measurement using the e
+
e
→
→ ZH → µ

+
µ
→
X471

events, where X represents inclusive final states. Due to the well-known initial state472

particles and beam energy, this method requires only the measurements of the two muons473

from Z-boson decay, which recoil against the Higgs boson, making the result independent474

of the Higgs boson’s decay modes. This study is crucial for validating the detector475

design and assessing its expected sensitivity, particularly in terms of tracking e”ciency,476

momentum resolution, and muon identification in the relevant momentum range.477

Signal events are characterized by two oppositely charged, high-momentum muons.478

As discussed in Section 15.1.1, within the detector acceptance, these muons are expected479

to be e”ciently captured and reconstructed with a transverse momentum precision better480

than 0.3%. A signal muon pair forms a Z boson with an invariant mass close to mZ481

= 91.19 GeV, while the remaining part of a Higgsstrahlung event consists of the decay482

products of the Higgs. The recoil mass of the muon pair can be calculated using the beam483

energy according to Equation 15.2, without requiring explicit knowledge of the Higgs484

decay components. The recoil mass spectra is shown in Figure 15.21.485

M
2
rec = (

↑
s↓ Eµ→ ↓ Eµ+)2 ↓ |ωpµ→ + ωpµ+ |

2 (15.2)

To achieve high purity and e”ciency in detecting signal events, specific criteria are486

applied to the kinematic variables of the muons. Muons originating from Z decay are487

expected to have a momentum close to 45 GeV. To select these muons, both lower and488

upper momentum thresholds are set. To suppress soft muons originating from jets or other489

resonances in ZH events, a minimum momentum threshold of 20 GeV is enforced. Addi-490

tionally, in e
+
e
→
→ µ

+
µ
→ events, muons typically exhibit higher momentum. Therefore,491

an upper limit of 80 GeV is also applied to enhance the selection’s overall purity.492

For the event-level requirements, it is essential to select any events resembling a Z493

boson, meaning the invariant mass of the di-muon final state must be within the range of494

50-120 GeV. At the same time, taking into account the phase space of the ZH process,495
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Systematics estimation for Higgs mass measurement
◈ Momentum scale uncertainty: 2MeV


✦
 ,  with ~  radiative return events @ 

240GeV


✦ Together with low-Lumi Z events,  ~ 10-6  is easily visible from Z boson


◈ Central-of-mass energy uncertainty: 2MeV


✦ 


◈ Beam Energy Spread uncertainty: 

✦ Beam energy spread is ~0.17% @240GeV, 


◈ Initial state radiation: 1MeV

δZpeak
=

σpT

N
σpT

= 2 × 10−3 3 × 107

δpT

δ s : δmH ∼ 1 : 1

8
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Figure 15.21: Mrec distribution and the models for signal and background. The beam
energy spread has been included.

the tracker alignment algorithm, the uncertainty of momentum scale is assumed to524

be 2 MeV.525

• Center-of-mass energy: The uncertainty in center-of-mass energy directly propa-526

gates into the Higgs recoil mass spectrum, as shown in Equation 15.2. It can be527

monitored using e
+
e
→
→ Zω, Z → ff̄ events, with precise knowledge of the Z528

boson mass and excellent understanding of tracking. For this analysis, it is assumed529

to be 2 MeV.530

• Beam energy spread: Beam energy spread is expected to be 0.17% at
↑
s = 240531

GeV and has been included in the signal modeling. Its uncertainty can be precisely532

measured using the radiative return events. The e!ect on mH is studied using a533

perturbed sample, in which the beam energy spread is increased to 0.18%, and is534

found to be negligible.535

• Initial state radiation: Initial state radiation can alter the Higgs recoil mass spectrum536

by reducing the e!ective collision energy. As a theoretical uncertainty in Quantum537

ElectroDynamics (QED), it is not considered di”cult to handle. For conservatism,538

the impact on mH is assumed to be 1 MeV.539

• Beam-induced background: After mixing beam-induced background with signal540

events, the recoil mass spectrum of e+e→ → µ
+
µ
→
HX is found to be 5 MeV wider541

than before. To account for the beam-background e!ects temporarily, a nuisance542

parameter of 5 MeV is added to the width parameter in the signal model. Its543

contribution to !mH is negligible.544

These systematic uncertainties contribute an additional 3.7 MeV to !mH , resulting in a545

final precision !mH = ± 4.8 MeV.546
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 with the final precision of 4.8MeVMH = 125GeV ± 3.1MeV(stat.) ± 3.7MeV(sys.)



Branching ratio measurement in hadronic final states

◈ Higgs decays dominated with the hadronic final states: , , ,  
 and  with W/Z hadronic decays


◈ Difficulty: distinguish with different Jet flavor and contamination among them

H → bb̄ H → gg H → cc̄
H → ss̄ H → WW*/ZZ*

9

cantly enhance the precision of most of the coupling modifiers. To eliminate the dependence on the Higgs boson’s
total width and mitigate common systematic uncertainties, the projected measurement of ratios of Higgs boson
coupling modifiers is also provided. A key reference parameter, ωgZ = ωgωZ/ωH , is introduced to represent the
high-precision measurement of the gg → H → ZZ production rate. The cross-sections in other channels are
then reformulated in terms of ωgZ and a set of coupling strength scale factor ratios, defined as εXY = ωX/ωY .
The results are presented in Fig. 1 (right). The properties of the Higgs boson will be also probed through other
measurements such as cross-section times branching fractions. Unlike the measurements of the coupling modifiers
ω, these measurements will not be limited by large theory uncertainties.
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Figure 1: The projected uncertainty in the combined coupling signal strength modifiers (left) and their ratios (right) with
3 ab→1 of pp collisions under the S2 systematic uncertainty scenario, assuming that the Higgs boson decays only to final states
predicted by the SM.

Finally, assuming the SM, the ATLAS+CMS combination of the H → ZZ off-shell cross section can
constrain the Higgs width with an uncertainty of 0.7 MeV with 3 ab→1 [27], projecting the current measurements
under the S2 scenario.

3 Di-Higgs boson physics

The measurement of HH production is sensitive to modifications to the BEH potential, since it directly probes
the deviation of the trilinear coupling parameter ε3 from the SM, parametrized via the coupling strength modifier
ω3 = ε3/ε

SM
3 . In recent years, major improvements to the analysis techniques have increased the sensitivity of

ATLAS and CMS to this rare process. In particular, the use of graph-based architectures for deep-learning based
jet tagging has enhanced the sensitivity to various decay modes (e.g. H → bb̄ and H → ϑ

+
ϑ
→) at both small

and large Higgs boson pT , where the Higgs boson decay products are boosted and overlap. Figure 2 (left) shows
the combination of the ATLAS and CMS extrapolations for the decay modes listed in Table 2. The details of the
assumptions used in the S2 and S3 scenarios can be found in Refs. [12, 20]. In this study, the S3 scenario is defined
considering a 5% improvement both in b-jet tagging [37–39] and hadronic tau reconstruction efficiencies [52],
expected already for the incoming Run-3 results. Beyond Run 3, additional improvements are expected, in terms
of trigger, detector, and analysis techniques. In the combination, the ATLAS bb̄ϑ

+
ϑ
→ projection [13], the CMS

resolved and boosted projections bb̄bb̄ [20], the ATLAS multilepton [14] and ATLAS bb̄ϖ
+
ϖ
→ [12] projections

have been adopted for both experiments, since they can reach similar sensitivity by using the same experimental
techniques. In the case of the bb̄ϑ

+
ϑ
→ channel, the CMS Run-2 sensitivity was limited by the trigger. An improved

trigger has already been deployed by CMS for Run 3 [53], achieving similar performance as the ATLAS trigger.
The bb̄ϱϱ projection is based on independent ATLAS [54] and CMS [20] projections.

Table 2 shows the expected significance on the HH signal yield and the corresponding 68% confidence
intervals (CIs) on ω3. Values are quoted per decay channel and per experiment, for the two scenarios. The combi-
nation of ATLAS and CMS projections result in an expected > 5ς observation of HH production already with 2

4
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a factor of two lower than in the Run 1 result20. The presented meas-
urement supersedes the previous ATLAS combination with a partial 
Run 2 dataset22, decreasing the latest total measurement uncertainty 
by about 30%.

Higgs boson production is also studied per individual process.  
As opposed to the top quark decay products from tt H production, the 
identification efficiency of b jets from the bb H production is low, mak-
ing the bb H  process experimentally indistinguishable from ggF pro-
duction. The bb H and ggF processes are therefore grouped together, 
with bb H contributing a relatively small amount: of the order of 1% to 
the total bbHggF + ¯  production. In cases where several processes are 
combined, the combination assumes the relative fractions of the com-
ponents to be those from the standard model within corresponding 
theory uncertainties. Results are obtained from the fit to the data, 
where the cross-section of each production process is a free parameter 
of the fit. Higgs boson decay branching fractions are set to their stand-
ard model values, within the uncertainties specified previously44. The 
results are shown in Fig. 2a.

All measurement results are compatible with the standard model 
predictions. For the ggF and VBF production processes, which were 
previously observed in Run 1 data, the cross-sections are measured 
with a precision of 7% and 12%, respectively. The following production 
processes are now also observed: WH with an observed (expected) 
signal significance of 5.8 (5.1) standard deviations (σ), ZH with 5.0σ 
(5.5σ) and the combined tt H  and tH production processes with 6.4σ 

(6.6σ), where the expected signal significances are obtained under the 
standard model hypothesis. The separate tt H  and tH measurements 
lead to an observed (expected) upper limit on tH production of 15 (7) 
times the standard model prediction at the 95% confidence level (CL), 
with a relatively large negative correlation coefficient of 56% between 
the two measurements. This is due to cross-contamination between 
the tt H and tH processes in the set of reconstructed events that provide 
the highest sensitivity to these production processes.

Branching fractions of individual Higgs boson decay modes are 
measured by setting the cross-sections for Higgs boson production 
processes to their respective standard model values. The results are 
shown in Fig. 2b. The branching fractions of the γγ, ZZ, W W± ∓ and τ+τ− 
decays, which were already observed in the Run 1 data, are measured 
with a precision ranging from 10% to 12%. The bb  decay mode is 
observed with a signal significance of 7.0σ (expected 7.7σ), and the 
observed (expected) signal significances for the H → µ+µ− and H → Zγ 
decays are 2.0σ (1.7σ) and 2.3σ (1.1σ), respectively.

The assumptions about the relative contributions of different decay 
or production processes in the above measurements are relaxed by 
directly measuring the product of production cross-section and 
branching fraction for different combinations of production and 
decay processes. The corresponding results are shown in Fig. 3. The 
measurements are in agreement with the standard model prediction.

To determine the value of a particular Higgs boson coupling strength, 
a simultaneous fit of many individual production times branching 
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Fig. 2 | Observed and predicted Higgs boson production cross-sections and 
branching fractions. a, Cross-sections for different Higgs boson production 
processes are measured assuming standard model (SM) values for the decay 
branching fractions. b, Branching fractions for different Higgs boson decay 
modes are measured assuming SM values for the production cross-sections. 

The lower panels show the ratios of the measured values to their SM predictions. 
The vertical bar on each point denotes the 68% confidence interval. The p value 
for compatibility of the measurement and the SM prediction is 65% for a and 56% 
for b. Data are from ATLAS Run 2.
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➢ This study focuses on the precise determination of the branching fractions of 𝐻 → 𝑏 ത𝑏/𝑐 ҧ𝑐/
𝑔𝑔/𝑊𝑊∗/𝑍𝑍∗/𝑠 ҧ𝑠 in associated 𝑍(𝜇+𝜇−)𝐻 production at the CEPC with a center-of-mass 
energy of 240 GeV and integrated luminosity of 20 ab −1. 

➢ According to theoretical predictions, the branching fractions for the decay of a 125 GeV 
Higgs boson into 𝑏ത𝑏, 𝑐 ҧ𝑐, 𝑔𝑔, 𝑊𝑊∗, 𝑍𝑍∗, are 57.7%, 2.91%, 8.57%, 21.5%, 2.64%, 
respectively, and 𝑠 ҧ𝑠 will also be considered.

➢ For 𝑊𝑊∗ and 𝑍𝑍∗, the dominant decay modes are hadronic, making it challenging to 
distinguish them. And this can be overcome by end-to-end ML method.

➢ The Particle Transformer is applied to separate all decay channels simultaneously with high 
accuracy.

Sig 𝑯 → 𝒃ഥ𝒃 𝑯 → 𝒄ത𝒄 𝑯 → 𝒈𝒈 𝑯 → 𝒁𝒁∗ 𝑯 → 𝑾𝑾∗ 𝑯 → 𝒔ത𝒔

predictions 57.7% 2.91% 8.57% 2.64% 21.5% 4.4 × 10−4

arXiv:1307.1347



Selection for hadronic final states

◈ Focus on the signature of ZH ( )


◈ Selection based on muon reconstruction information:


✦ Signal efficiency ~86% for different modes


✦ Main background from 

Z → μμ

(ZZ)sl

10

Event selection
➢ At least two muons with opposite charge. (muon ID @ BEST WP and E > 10 GeV) 

➢ Choose the muon pair closest to the 𝑍 boson mass.

➢ Isolation cut: 𝐸cone
2  <  4𝐸𝜇 + 12.2GeV

➢ 𝐸cone is the sum of energy within a cone (cos𝜃con𝑒 > 0.98) around the muon.

➢ 𝑀𝜇𝜇 in 𝑍-mass window [75 GeV, 105 GeV].

➢ 𝑀𝜇𝜇
recoil in 𝐻-mass window [110 GeV, 150 GeV].

➢ cos𝜃𝜇+𝜇− < 0.996: to further reduce the two-fermion backgrounds.

➢ 𝑁charged > 7: to reduce the backgrounds.

Process 𝑯 → 𝒃ഥ𝒃 𝑯 → 𝒄ത𝒄 𝑯 → 𝒈𝒈 𝑯 → 𝒁𝒁∗ 𝑯 → 𝑾𝑾∗ 𝑯 → 𝒔ത𝒔 (𝒁𝒁)𝒔𝒍

Theo. 𝑁 78126 3940 11604 3575 29111 60 11129800
Simu. 𝑁 495000 494500 371500 497250 497000 494250 26499801

Muon pair 96.9% 96.7% 96.7% 96.7% 96.7% 96.6% 18.8%
Isolation 90.3% 90.3% 90.5% 90.7% 90.4% 90.5% 12.9%
𝑍-mass 86.7% 86.7% 86.9% 87.1% 86.8% 86.8% 9.1%
𝐻-mass 86.4% 86.3% 86.5% 86.7% 86.4% 86.5% 1.5%
cos𝜃 86.1% 86.0% 86.2% 86.4% 86.1% 86.2% 1.5%

𝑁charged 86.1% 86.0% 86.2% 86.4% 86.1% 86.1% 1.5%

The cutflow selection efficiency

6

Simulation samples
❖ Using Whizard 1.95 and Pythia6 for the fragmentation and hadronization

❖ Signal process: 𝑍 decays to a pair of muons and 𝐻 decays in pairs of 𝑏ത𝑏/𝑐 ҧ𝑐/𝑔𝑔/𝑊𝑊∗/𝑍𝑍∗/
𝑠 ҧ𝑠, full simulation generated under Ref-TDR CEPCSW

❖ Backgrounds: processes with two-fermion and four-fermion final states, fast detector 
simulation using a Delphes-based software

42025/6/13

Signal process
Two-fermion background process

𝑍 → 𝜇+𝜇−

➢ leptons (l), neutrinos (ν), and quarks (q)

Simulation samples

2025/6/13 maxt@ihep.ac.cn 5

➢ names refer to final states 
with leptons (l), hadrons (h), and semil

eptons (sl).

Four-fermion background process

Event selection

2025/6/13 7

❖ 𝑀𝜇𝜇 and 𝑀𝜇𝜇
recoil distributions for signal and background events, following the muon 

pair and isolation selection criteria.

❖ The signal is well preserved while background contributions are significantly 

suppressed.

maxt@ihep.ac.cn

The invariant mass distributions of the muon pair The invariant mass distributions of the muon pair recoil system
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❖ 𝑀𝜇𝜇 and 𝑀𝜇𝜇
recoil distributions for signal and background events, following the muon 

pair and isolation selection criteria.

❖ The signal is well preserved while background contributions are significantly 

suppressed.
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Simultaneous measurement

◈ Multi-classification of different modes with Particle Transformer

✦ Simultaneous measurement on signal and background from  contamination


◈ Training variables based on the basic information of all tracks:

✦ High correction rate for bb (~94%)

11

Particle Transformer
➢ A state-of-the-art deep learning model designed for particle physics.

➢ Transformer-Based architecture with particle feature embedding (edge) and class attention for 
jet-tagging and event classification…

➢ Advantages:

• More training parameters and complicated architecture.

• End-to-End learning which eliminates the dependency on jet clustering and 𝑒/𝛾 isolation.

• Effective edge information.

maxt@ihep.ac.cn

The Particle Transformer architecture
2025/6/13 8

Model Performance

2025/6/13 maxt@ihep.ac.cn 10

➢ The sum of each row equals 1

➢ Reconstructed category refers to 
one with maximum score

➢ Average accuracy: 82.2% 

The migration matrix

Tracking: E, P, , , PID, , , charge, ZTag


Edge feature: Pt, , , E

cosθ ϕ D0 Z0

η ϕ



Measurement of Higgs decays with hadronic final states
◈ Good separation among different signal mode and 

background


◈ Based on simple counting and unfolding method, 
achieve ~0.3% precision for 


◈ Taking into account 20% position uncertainty for 
tracking, ~0.1% systematic uncertainty for  


◈ More promising precision is expected with the MVA 
score shape information

H → bb̄

H → bb̄

12

Sig H→bb ̅ H→cc ̅ H→gg H→ZZ∗ H→WW* H→ss ̅

Branching fraction 57.7% 2.91% 8.57% 2.64% 21.5% 4.4×10^(-4)

Rel. Stat. Un. 0.3% 2.2% 1.3% 7.8% 1.2% 98.8%

Rel. Syst. Un. 0.1% 1.9% 1.7% 1.0% 0.9% 179.0%

Measurements of branching fractions
❖ Use the migration matrix method

⚫ Can be unfolded to represent the generated number of signals

⚫ Calculated as follows:

❖ Use toyMC method to estimate statistical uncertainties
⚫ Sampling for 10k times according to Poisson distribution and Multinomial 

distribution 

⚫ Minimize 𝜒2 = Σ𝑖=06 𝑌𝑖−𝜂𝑖 2

𝜎𝑖
2  then fit with gaussian function

12

➢ 𝑛𝑖 and 𝑁𝑖: the expected and generated 
number of events of class 𝑖

➢ 𝑀𝑠: a diagonal matrix containing the 
selection efficiencies

➢ 𝑀𝑚𝑖𝑔
𝑇 : the transposed migration matrix

Migration matrix unfolding



 measurementH → γγ

◈ Include ZH production mode with  and 



◈ Sensitivity optimized with MVA in all the 3 Z-decay modes


◈ The combined sensitivity is ~3.2%


◈ Expected 15% degradation from the systematic impact

Z → qq̄/μ+μ−/νν
H → γγ

13
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boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 
data-taking period between 2015 and 2018. About 9 million Higgs bos-
ons are predicted to have been produced in the ATLAS detector during 
this period, of which only about 0.3% are experimentally accessible. This 
is 30 times more events than at the time of its discovery, owing to the 
higher rate of collisions and the increase of the collision energy from 
8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 
this Article, the full Run 2 dataset, corresponding to an integrated lumi-
nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 
Higgs boson production and decay rates, which are used to study the 
couplings between the Higgs boson and the particles involved. This 
improves on the previous measurements obtained with partial Run 2 
datasets21,22. The corresponding predictions depend on the value of 
the Higgs boson mass, which has now been measured by the ATLAS 
and CMS experiments23–25 with an uncertainty of approximately 0.1%. 
The predictions employed in this article use the combined central 
value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 
about 87% of Higgs boson production, is the heavy-quark loop-mediated 
gluon–gluon fusion process (ggF). The second most copious process 
is vector boson fusion (VBF), in which two weak bosons, either Z or W 
bosons, fuse to produce a Higgs boson (7%). Next in rate is production 
of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-
duction of a Higgs boson in association with a pair of top quarks tt H( ) 
or bottom quarks bb H( ) each account for about 1% of the total rate. 
The contribution of other qqH processes is much smaller and experi-
mentally not accessible. Only about 0.05% of Higgs bosons are pro-
duced in association with a single top quark (tH). Representative 
Feynman diagrams of these processes are shown in Fig. 1a–e. After it 
is produced, the Higgs boson is predicted to decay almost instantly, 
with a lifetime of 1.6 × 10−22 seconds. More than 90% of these decays 
are via eight decay modes (Fig. 1f–i): decays into gauge boson pairs, 
that is, W bosons with a probability, or branching fraction, of 22%, Z 
bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 
into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 
muons (µ) 0.02%. There may also be decays of the Higgs boson into 
invisible particles, above the standard model prediction of 0.1%, which 
are also searched for. Such decays are possible in theories beyond the 
standard model, postulating, for example, the existence of dark matter 
particles that do not interact with the detector.

In this Article, the mutually exclusive measurements of Higgs boson 
production and decays probing all processes listed above are combined, 

taking into account the correlations among their uncertainties. In a 
single measurement, different couplings generally contribute in the 
production and decay. The combination of all measurements is there-
fore necessary to constrain these couplings individually. This enables 
key tests of the Higgs sector of the standard model to be performed, 
including the determination of the coupling strengths of the Higgs 
boson to various fundamental particles and a comprehensive study of 
the kinematic properties of Higgs boson production. The latter could 
reveal new phenomena beyond the standard model that are not observ-
able through measurements of the coupling strengths.

The ATLAS detector at the LHC
The ATLAS experiment12 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric, cylindrical geometry and a 
near 4% coverage in solid angle. The detector records digitized signals 
produced by the products of LHC’s proton bunch collisions, hereafter 
termed collision ‘events’. It is designed to identify a wide variety of 
particles and measure their momenta and energies. These particles 
include electrons, muons, τ leptons and photons, as well as gluons 
and quarks, which produce collimated jets of particles in the detector.  
Because the jets from b quarks and c quarks contain hadrons with rela-
tively long lifetimes, they can be identified by observing a decay vertex, 
which typically occurs at a measurable distance from the collision 
point. The presence of particles that do not interact with the detector, 
such as neutrinos, can be inferred by summing the vector momenta of 
the visible particles in the plane transverse to the beam and imposing 
conservation of transverse momenta.

The detector components closest to the collision point measure 
charged-particle trajectories and momenta. This inner spectrometer is 
surrounded by calorimeters that are used in the identification of parti-
cles and in the measurement of their energies. The calorimeters are in 
turn surrounded by an outer spectrometer dedicated to measuring the 
trajectories and momenta of muons, the only charged particle to travel 
through the calorimeters. A two-level trigger system was optimized 
for Run 2 data-taking26 to select events of interest at a rate of about 
1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 
An extensive software suite27 is used in the simulation, reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data-acquisition systems of the experiment.

Input measurements and combination procedure
Physics analyses typically focus on particular production and decay pro-
cesses and measure the number of Higgs boson candidates observed 
after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a 
pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair 

of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs boson 
interactions with gluons or photons are shown in blue, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
(tt H and tH) production processes.

Br(H → γγ) ∼ 0.2 %

Diphoton qq̄ sub-channel: Signal over background plot
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-Fit results:
Signal strength: µ = 1.00002 ±
0.03993
Number of background
events: 657530 ± 822.967
Diphoton invariant mass: mγγ

= 126.22 ± 0.0216 GeV
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Diphoton µ+µ− sub-channel: Signal over background plot
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-Fit results:
Signal strength → 0.9997 ±
0.160
Number of background
events: 12051
Diphoton invariant mass:
126.142 GeV ± 0.0927
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Diphoton νν̄ sub-channel: Signal over background plot
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-Fit results:
Number of background
events: 19655.9
Signal strength → 0.9996 ±
0.050
Diphoton invariant mass:
126.161 GeV ± 0.0317
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Expected precision on σ → Br

Table 1: Expected statistic precision on
σ()→ Br(→ γγ) from Asimov data fitting in the
three channels and their combination with 20
ab−1 data.

∆(σ × Br)/(σ × Br)SM
qq̄γγ 0.039
µ+µ−γγ 0.160
νν̄γγ 0.050
Combined 0.032

CDR results :

[4]

Clear improvement in TDR, 20% improvement for whole channel
Systematic impact in CDR has 15% degradation on the precision, assuming the same
precision in the reference detector.
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More details in Rada’s talk later



invisible measurementH →

◈ In SM, invisible is via  with Br of 0.106%


◈ Focus on the ZH, 


✦ Z-missing mass resolutions: 0.23%, 0.31%, 5.1-5.9%


✦ Low signal/background ratio with simple selection

H → H → ZZ* → 4ν

Z → μ+μ−/e+e−/qq̄
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ML-based discriminant
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H→invisible: ML-based discriminant
XGBoost model trained in each channel to distinguish signal v.s. background

Input features
• 2mu channel:

• Eμμ,Mμμ, Pμμ, PμμT
• Mrecoil
• Evisible, Mvisible, Pvisible, PvisibleT

• Mmissing
• Δϕμμ, ΔRμμ

• D0
μ1, D0

μ2, Z0
μ1, Z0

μ2

• Ncharged, Nneutral, Eneutral

• 2e channel:
• Same as 2mu, 

except changing 𝜇 to 
𝑒

• 2q channel:
• Evisible, Mvisible, Pvisible, PvisibleT

• Mmissing
• Δϕjj, ΔRjj
• Ncharged, Nneutral

• Ncharged
j1 , Ncharged

j2

• ECF2
j1, ECF2

j2  (energy 
correlation function)

• τ3
τ1

j1
, τ3

τ1

j2
 (N-subjettiness)
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H→invisible: ML-based discriminant
Distributions of XGBoost scores
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invisible  resultsH →

◈ Two scenarios:


✦ SM invisible as a signal: expected uncertainty and statistical significance


✦ BSM invisible as a signal, while the SM one as a background: expected upper limits


◈ With 20ab-1, it reaches 4.36σ, close to discovery level

H →

H →
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H→invisible: results
➢ Parameter of interest: BR(H→invisible)
➢ Two scenarios: 

• SM H→invisible as a signal: expected uncertainty and statistical significance
• BSM H→invisible as a signal, while the SM one is a background: expected upper limits

➢ Much better sensitivities than the CDR studies
• Much better sensitivities than the CDR studies
• With 20 ab-1, it reaches 4.36 σ, close to discovery level.



Conclusion
◈ Based on TDR-Ref, some physics benchmarks are achieved:


✦ Higgs mass measurement with the precision of 4.8MeV


✦ Simultaneous measurement on Higgs decays to hadronic final state with the precision of ~0.4% for 



✦  branch ratio measurement with sensitivity of ~3.2%


✦ With 20ab-1, Higgs to invisible decay reaches 4.36σ, close to discovery level


◈ More promising and comprehensive results are expected with advanced technics and detail 
consideration

H → bb̄

H → γγ
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